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Power Optimization of Cell-Free Massive MIMO
With Full-Duplex and Low-Resolution ADCs

Prince Anokye, Member, IEEE, Derek K. P. Asiedu, Member, IEEE, and Kyoung-Jae Lee, Senior Member, IEEE

Abstract—This paper analyzes the spectral/energy efficiency
(SE/EE) of a full-duplex (FD) cell-free (CF) massive multiple-
input multiple-output (mMIMO) over Rician fading channels.
Due to the FD radios, the access points (APs) suffer from
self-interference (SI) and inter-AP interference (IAI) while the
downlink (DL) users’ signals are corrupted by the uplink (UL)
users’ transmissions. We consider the case, where low-resolution
analog-to-digital converters (ADCs) are utilized at the APs and
DL users, which introduces the quantization noise (QN). The
combined effects of Rician x-factor, residual SI/IAI, UL-to-DL
interference, multi-user interference, and QN on the UL/DL SEs
are characterized. The UL SE is degraded by the increase in DL
power, whereas the growth in UL power deteriorates the DL SE.
The effects of the residual SI/IAI and UL-to-DL interference are
worsened by the low-resolution ADCs. We optimize the UL/DL
transmit powers to maximize the overall sum SE of the network.
It is observed that the proposed power allocation algorithm
brings substantial sum SE gain. A trade-off analysis between the
EE and SE, as a function of the ADCs’ resolution, shows that
the entire envelope of the operating region of FD CF mMIMO
is enhanced in Rician channels.

Index Terms—Full-duplex, cell-free massive multiple-input
multiple-output, low-resolution analog-to-digital converters, sum
spectral efficiency maximization.

I. INTRODUCTION

HE cell-free (CF) massive multiple-input multiple-output

(mMIMO), which is a scalable implementation of the
distributed antenna system (DAS), has received significant
attention in the literature as enabling technology for beyond
fifth-generation (5G) and 6G communication systems. In
CF mMIMO, a large number of access points (APs) are
distributed over a wide geographical area and connected
to central processing units (CPUs) via backhaul links to
serve fewer users jointly., The CF mMIMO inherits the
benefits of both DASs (i.e., to provide macro-diversity against
shadow fading [1]) and cellular mMIMO (i.e., to exploit
favorable propagation and channel hardening [2]). Since the
APs are closer to the users, the CF mMIMO promises a
higher coverage probability compared to the cellular mMIMO.
Furthermore, there are no cell boundaries, hence, handovers
are avoided and users achieve uniformly good quality-of-
service (QoS). The authors of [3] study the CF mMIMO,
where it is shown that the CF mMIMO offers a five-fold
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improvement in the 95%-likely per-user throughput than the
small-cell system. The energy efficiency (EE) maximization
problem is investigated by assuming the maximum ratio
transmission (MRT) in [4] and zero-forcing (ZF) precoding in
[5]. Considering phase-shifts in Rician channels, [6] derives
uplink/downlink (UL/DL) SE expressions for phase-aware
minimum mean square error (MMSE), linear MMSE, and least
square estimators. The work [7] extends [6] by considering the
element-wise MMSE channel estimator. The deduction made
from [3]-[7] is that CF mMIMO provides SE/EE improvement
over conventional cellular systems.

Another major technology earmarked for next-generation
systems is the in-band full-duplex (FD). By allowing the UL
and DL transmissions to occur simultaneously on the same
time-frequency resources, FD has the capability to recover
the bandwidth loss inherent in traditional half-duplex (HD)
systems. The major problem inhibiting the implementation of
FD is the self-interference (SI) which occurs due to the signal
leakage from the transmit to the receive radio frequency (RF)
chains of the same terminal [8]. Considering recent advances
in SI cancellation methods [9], i.e., bringing the SI power to
the background noise level, incorporating FD in the modern
wireless infrastructure is a practical solution to enhance the
SE. Thus, combining the FD and CF mMIMO with the aim
of exploiting the full benefits of the two technologies is only
a natural consequence. Nonetheless, only a few papers have
investigated the FD and CF mMIMO [10]-[12]. The work
[10] derives the closed-form solutions for the UL/DL SE
by assuming imperfect channel state information (CSI) and
maximum ratio combining (MRC)/MRT. Here, it is shown
that residual SI and inter-AP interference (IAI) remain key
constraints. In [11], the network-assisted FD CF mMIMO
is considered such that an AP performs either transmission,
reception or simultaneous transmission and reception based
on the network load. To suppress the SI/IAI and UL-to-
DL interference, the MMSE and regularized ZF are used.
The SE/EE maximization problem of the FD CF mMIMO
is considered in [12], where the power control, AP-user
association, and AP selection are jointly optimized. The
optimization problem is solved based on the instantaneous
CSI. Therefore, the optimal solutions have to be re-calculated
during every coherence interval which is computationally
intensive and increases the backhaul traffic. The works [10]-
[12] confirm that the FD CF mMIMO offers substantial gains
in terms of SE/EE relative to the HD mode. The common
assumption in [10]-[12] is that the FD CF mMIMO operates
over Rayleigh distributed channels and perfect hardware is
used at the APs and users.



The FD CF mMIMO increases the power consumed in
the network since additional APs and by extension more
RF chains are deployed. This poses major challenges to the
global climate and electricity cost for network operators.
For MIMO systems, the analog-to-digital converters (ADCs)
remain key power consumption impediment [13]. A typical
receive antenna has a pair of ADCs to quantize the real
and quadrature components of a signal. To elaborate, an
ADC with resolution b and sampling frequency f; performs
2 f, computations per second, i.e., the power dissipation
increases linearly with f, and exponentially with b [14].!
Furthermore, the financial cost of the ADC fabrication grows
with the resolution. Thus, for practical implementation of
FD CF mMIMO, the ADCs power consumption must be
scaled down. A promising solution is to use low-resolution
ADCs. For example, in a network, power-constrained mobile
users could consider combining with low-resolution ADCs
in the DL, to reduce power. However, coarse quantization
with low-resolution ADCs leads to the quantization noise
(QN) whose strength grows proportionally with the received
signal power. Therefore, to use low-resolution ADCs in FD
CF mMIMO, proper investigation to ascertain its feasibility
must be conducted.

Recently, CF mMIMO with low-resolution ADCs has been
studied by [15], [17]-[20]. With low-resolution ADCs at
the APs and DL users over Rayleigh channels, [15] derives
the closed-form solution for the DL rate and proposes a
max-min algorithm to ensure uniformly good QoS. Zhang
et al. [19] assume Rician channels and derive approximate
rate expressions for the CF mMIMO with low-resolution
ADCs at the APs only. An UL SE expression for the CF
mMIMO with mixed-ADCs is derived in [20]. The works
[15], [19], [20] model the low-resolution ADC receiver via
the additive quantization noise model (AQNM). Using the
Bussgang Theorem, [17] jointly optimizes the pilot sequence
and analog filters with one-bit ADCs at the APs while [18]
analyzes the one-bit ADCs impact on the CSI quality. The
aforementioned works are based on the HD setting and are not
directly applicable to the FD mode since the FD CF mMIMO
is more complicated due to the residual SI/IAI and UL-to-
DL interference. Moreover, as observed in the co-located FD
mMIMO [21], [22], the SI effect is worsened by the use of
low-resolution ADCs. The article [16] investigates the SE/EE
of an FD CF mMIMO with low-resolution ADCs but [16] is
limited to Rayleigh channels and the power allocation problem
is not considered.

Motivated by the above, this article studies the performance
of the FD CF mMIMO over Rician fading channels. Each AP
possesses FD radios, where transmission and reception occurs
simultaneously on the same time-frequency resources. This
results in the SI and IAI phenomenon at the APs and the
UL-to-DL interference at the DL users. To reduce the power
consumption of the network, low-resolution ADCs are utilized

IFor FD systems with separate antenna configuration, ADCs are required
at both the receive and transmit antenna chains for quantizing the received
UL pilots during the channel estimation phase. It is noted in [14] that digital-
to-analog converters (DACs) consume less power. Hence, this article only
focuses on the receiver structures with ADCs as it is done in [15], [16].

not only at the APs but also at the DL users. This leads to
the QN at both the APs and DL users. To alleviate the SE
degradation due to residual SI/TAI, UL-to-DL interference, and
QN, we propose an efficient power allocation algorithm to
improve the total sum SE. The main contributions of this paper
are summarized as follows:

o Considering FD APs and HD users, we characterize
the joint impact of QN, residual SI/IAI, and UL-to-
DL interference by deriving closed-form expressions for
the achievable UL/DL SEs. The closed-form solutions
enable us to study the influence of the APs, Rician
k-factor, ADCs resolution, residual SI/IAI, and UL-to-
DL interference. It is shown that the UL SE loss as a
result of the QN can be compensated by increasing APs.
However, in the DL, the desired signal and QN have
equal order in the number of APs. Thus, the DL SE
saturates rapidly as the APs increase. We show that in
pure line-of-sight (LoS) environments, the UL and DL
SEs converge to fixed values, irrespective of the channel
estimation quality.

e We consider the sum SE maximization subject to the
per AP and UL user power constraints. Due to the non-
convexity of the problem, the equivalent relationship
between the sum SE maximization and the weighted
MMSE (WMMSE) minimization problems is exploited
to develop iterative algorithm based on the alternating
optimization framework. From the results, the proposed
power allocation algorithm provides significant gains in
the sum SE (of the FD CF mMIMO with low-resolution
ADCs) relative to the setup with uniform power.

« A trade-off analysis between the EE and SE as a function
of the ADCs’ resolution, is performed. The EE grows
initially as the quantization bits increase but EE declines
beyond a certain threshold. The optimal resolution that
maximizes the EE can be numerically obtained.

The rest of the paper is organized as follows: Section II
discusses the system model. In Section III, we present SE
expressions and derive closed-form solutions for the UL/DL
SEs. Section IV studies the UL/DL power allocation problem.
EE and numerical results are discussed in Section V. Section
VI concludes the paper.

Notations: Bold face lower case and upper case letters
represent vectors and matrices, respectively. E{-}, Var(-),
and ()7 denote the expectation, variance and Hermitian
operators, respectively. a ~ CN(0, A) indicates a circularly
symmetric complex Gaussian random variable with mean O
and covariance A. diag(A) returns the diagonal entries of A.
[A],., denotes an element on the m-th row and n-th column
of A.

II. SYSTEM MODEL

Consider an FD CF mMIMO system in Fig. 1, where M
multi-antenna APs serve single antenna L,, UL users and L
DL users. The APs are connected together to a CPU via error-
free and limitless-capacity backhaul links. Each FD AP has
N, receive and Ny, transmit antennas. The users operate
in HD mode. Since the APs transmit and receive on the
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Fig. 1: FD CF mMIMO network, where there are M APs, L,,
UL users and L ; DL users.

same frequency, the APs suffer from the SI and IAI. Because
the DL users receive on the same frequency on which the
UL users transmit, the signals received at the DL users are
corrupted by UL transmissions which results in the UL-to-
DL interference. Also, the receive antennas at each AP and
DL user are equipped with low-resolution ADCs to reduce
power consumption. Because of the low-resolution ADCs, QN
is introduced into the received signals. We assume the standard
block fading, where the channel response is flat for a given
coherence interval 7.. For each 7., 7, time slot are reserved
for UL piloting while the remaining slot, i.e., 7, = 7. — T, are
for useful data. Assuming the time division duplex protocol,
the CSI acquired via UL pilot signaling are used to precode
the DL signal, i.e., we assume perfect hardware calibration
such that reciprocity holds [23]. Further, we follow the general
assumption that the input signals are Gaussian distributed.

A. Channel Model

Let the channels from the [-th UL and k-th DL users to the
m-th AP as h,,; € CNr=*1 and g,,;, € CVe=*1, respectively.
We assume uncorrelated Rician fading channels since it covers
more scenarios than the Rayleigh such as conditions where
line-of-sight (LoS) exists between the APs and users. A typical
example is millimeter wave applications. Future work will
consider the impact of channel correlation. Thus, the channels
are modeled as [24],

1/2_-1/2 _—1/2
Emk = BLmkR 1k KBmk + SwmkRp,k
1/2_—1/2 _—1/2
hml = hL,ml/{ / R + hw,ml’{ )
ml "'ml ml

where 8L.mk = Bjn/lfgL,mk and Bw,mk = Bjn/lfgw,mk denote
the deterministic LoS and random Rayleigh components
of gk, respectively; B, indicates the large-scale fading
coefficient between the m-th AP and k-th DL user which
comprises the pathloss and shadow fading effects. The large-
scale fading coefficients remain unchanged over several
coherence intervals. g, mk describes the small-scale fading

whose elements are modeled as CN(0,1). r,, indicate
Rician s-factor and R, = kg + 1.2 Also, [&L.mkln =
e—i(n=1)(27d/N)sin(¥],) where d, A, and yd . denote the
antenna spacing, wavelength, and angle of arrival (AoA)
from the k-th DL user to the m-th AP, respectively.
Similarly, for the UL channel, hp C,ln/lzflL,mz and
hym = C;@/ﬁhw,ml represent the deterministic LoS and
random Rayleigh components, respectively. (,,; indicates the
large-scale fading coefficient from the m-th AP to the [-th
UL user and Bw,ml denotes the small-scale fading vector
whose elements are distributed as CN(0,1). Ky, is the
Rician k-factor and K, = km, + 1. We have [hr ), =
eI (n=1)@md/N)sin(¥r) - where 9, is the AoA from the I-th
UL user to m-th AP. Without loss of generality, let d = \/2.

B. Channel Estimation

To precode the DL signal and decode the UL data, the
APs need to acquire local CSI. In this paper, we assume that
only imperfect CSI is available. The estimates of g,,; and
h,,; are obtained at the APs via the linear MMSE (LMMSE)
method. For the Rician channel, we consider that the LoS
parts are known a priori and we only estimate the Rayleigh
component. Since the LoS components change much slowly,
classical estimation methods such as MUSIC [25] which uses
the signal subspace and ESPRIT [26] which exploits the
rotational invariance among signal subspaces can be employed
to accurately estimate the LoS parameters. The common
assumption in the literature is that the LoS is perfectly known
[22], [24], [27]. That notwithstanding, the LoS estimation may
be imperfect and a lower bound on the achievable SE of the
system can be derived under the assumption that the LoS parts
are completely unknown— we do not pursue this analysis
herein because of space limitations. Thus, the estimates of
the k-th DL and [-th UL users’ true channels are given,
respectively, as

~ 1/2_-1/2 ~ _—1/2
8mk = gL,mkH”{k Hmk/ + gw,mk"imk/ ) (D
lflml = hL,mlH,ln/lz"%;}/2 + ljlw,mll%;i/a (2)

where &, and flwyml denote the estimated Rayleigh
components.

To estimate the random components, the DL users transmit
their pilot sequences to the APs while the UL users remain
silent. After that, the UL users send their pilots to the APs
while the DL users keep silent. We assume that mutually
orthogonal pilot sequences are employed to avoid pilot
contamination® and low-resolution ADCs are used at the APs
for channel estimation. Without loss of generality, we assume
that the same resolution ADCs are used at the m-th AP’s
receive and transmit arrays for quantizing the received pilot
signals. The estimates &, ., and ﬁ'w,ml are obtained by
following [16]. Defining g, and flml as the estimation errors,
the true channels can be decomposed as g,k = &mk+&mk and

2The Rician k-factor measures the ratio of the power of the deterministic
LoS component to the scattered components [24].

3To achieve mutual orthogonality, the DL pilot length 74 > Lg and for the
UL pilot length 7, > L. Therefore, 7, = 74 + Tu.



h,,;, = flmz —l—flml. Frogl the properties of LMMSE estimation,
&mk ~ CN(E{&mk}, BmrIn,,) and gmi ~ CN(O, Bmrln,,)
are mutually independent [27], where 3,5 = 5mk1{mkﬁ;}€
and Vmk = p‘eramBmk/(A]- + pTTdﬁmk) AWith Aﬁmk -
ﬁmk/?i»,—n}g — Bmk- Sin}ilarly, h,; ~ CN(E{hml}valINm)
and hml ~ CN(O,kaINTz), where g'ml - C’rnlﬂ'rnl"%;l}v
Hml = pTTuamle/(l +pTTqul)’ and le = le’%;ﬁ - le~
pr denotes the pilot power and «,, describes the ADCs
resolution at the APs’ transmit/receive antennas.

C. Uplink Data Transmission

The L, UL users send data to the APs. Simultaneously,
each AP sends data to the DL users. This leads to the SI and
IAI at the m-th AP. The signal received at the m-th AP is
given by

Ly, M
§ E d

y;jz = hml\/pu,lsf + anxn + Zm,
=1 n=1

where p,,; denotes the [-th UL user power and 0 < p,; <
P%AX; P%AX is the maximum power available at the I-th
UL user. s;* ~ CN(0, 1) represents the I-th UL user data. Also,
Z,, € CNr=x1 and x,, € CNt=x1 denote the noise at the m-th
AP and n-th AP transmit signal, respectively. The elements of
%, are modeled by CN(0,1). Q,,, € CNr=*Nez represents
the residual SI/IAI channel from the n-th AP to the m-th AP
whose elements are CN(0, ), Where prn = p% ;0 4P,mn;
0 Ap,mn denote the large-scale fading from the n-th AP to m-
th AP and p%; is the residual interference after SI suppression
[10]. Considering a CF mMIMO, thanks to the fact that the UL
and DL signals are centrally processed, some form of digital
interference cancellation can be realized [11]. Moreover, the SI
is canceled at the local AP such that any residual interference
originating from the imperfect cancellation is regarded as
additional noise. Again, by properly separating the transmit
and receive antenna arrays, natural isolation occurs such that
the surrounding buildings or shielding plates are exploited to
suppress the LoS component. The common assumption is to
model this as Rayleigh [8], [10], [28].

The m-th AP quantizes the received signal before digital
processing. The low-resolution ADC receiver is modeled by
considering the non-uniform quantizer, where the quantization
error is approximated as a linear gain with the AQNM. We
note that the AQNM has been shown in [29], [30] to be
accurate enough for MIMO channels, especially at the low
and medium signal-to-noise ratio (SNR) regimes, where our
system is expected to operate. Further, the AQNM has been
extensively employed in the quantized MIMO systems for
performance analysis and power optimization [15], [20], [31],
[32]. Thus, the quantizer output at the m-th AP is written as

S’um = O‘mygn + Zim,
where «,, = 1 — £ and £ relates to the ADC resolution
bAAP. Approximate values of ¢ for b\ < 5 are shown in
[22, Table 1]. For bAP > 5, ¢ = T . 272007 Also,

Z, ~ CN(0,R;,,) denotes the additive QN whose covariance
is defined by Rz, = (a,, — o2)diag(E{y*(y*)}). After

quantization, the m-th AP applies the receive filter before
forwarding the signal to the CPU. We assume the MRC/MRT
due to its computational simplicity and can be implemented
in a distributed fashion [3].* Thus, the I-th UL user’s signal
“seen” by the CPU is expressed by

M
g =Y b 3)
m=1

D. Downlink Data Transmission

For the DL, the APs precode the signals intended for the
Ly DL users.> The signal received at the k-th DL user is
corrupted by the signals transmitted by the UL users. The
m-th AP transmits the signal x¢ = Zii Tk &mk Sty
where s{ ~ CN(0,1) and 7% are the k-th DL data and
power allocation coefficient from the m-th AP to the k-th
DL user, resgectively. For the per AP power constraint to be
met, Nip Y opLy mkad,, < PpA%, where P74 denotes

the available power and a? = BnkFot (Fmk + Vmk). The
received signal at the k-th DL user is written as

Lg M L,
d H - d d
Yp = E E Vmk' S &mik S + E VDu, QK1 8] + 2
k'=1m=1 =1

where 2! ~ CN(0,1) and gi; ~ CN(0,~7) indicates the noise
and UL-to-DL interference channel from the [-th UL user to
the k-th DL user, respectively. Similarly, 72, = oug kip3;,
where oy g 1 indicates the large-scale fading between the [-th
UL user and the k-th DL user. The k-th DL user quantizes
the received signal and the quantizer output is expressed as
g = eryl + 2L, where ¢, = 1 — ¢ and z ~ CN(0, Z)
describe the ADC resolution and additive QN, respectively.
Also, Z¢ = (1, — £2)E{|y{|?}. For the ADCs resolution b}
at the k-th DL user, £ is obtained as in Section II-C. The next
section analyzes the UL/DL SE of the system.

III. SPECTRAL EFFICIENCY ANALYSIS

To derive the SE, we employ the “use-and-then-forget"
(UaTF) method, where the received signal is rewritten as a
known mean gain plus an uncorrelated additive noise [3].

4ZF and MMSE are other linear processing methods which may improve the
system performance by suppressing multi-user interference (MUI) and residual
SI/TIAT [33]. Recently, the nonlinear method named ZF-group successive
interference cancellation (GSIC) has also been proposed in [34] to improve
the EE of the HD co-located mMIMO with low-resolution ADCs. Considering
the intensive deployment of APs in the FD CF mMIMO, this potential
improvement due to fully centralized processing methods such as ZF, MMSE,
ZF-GSIC, and MMSE-GSIC may come at the cost of higher computational
complexity and backhaul traffic. A future work will analyze the trade-off
between the system performance and complexity.

3The CPU connecting all the APs controls the information exchange such
as data payload and power control coefficients while the APs are responsible
for locally acquiring the CSI and precoding.



Specifically, the signal for the [-th UL user, i.e., (3) is rewritten
as

M
glu - pul { Z (679 mlhml}s \/pu,l( Z amh{ilhml
m=1

_ IE{ Z amﬁglhml}>sy + Z Z P QB st

m=1 l’;él m=1
+ § § Ay, lemnxn + E am mlzm + E : hlem,
m=1n=1

where the first term denotes the desired signal and the
remaining terms represent the effective noise which are
uncorrelated. The lower bound on the achievable SE is
acquired by adopting the concept that the additive Gaussian
noise is the worst-case uncorrelated noise. Thus, the achievable
SE for the [-th UL user is given by

glhml}|2>, (4)

14 pu,l|E{Zn]\;[:1 amfl
B+ Cl, + Dy + Ef + F*

R = = log,

c

where B, C/, Dy, E, and F}* denote the power of
beamforming uncertainty gain (BUG), MUI, residual SI/TAI,
noise, and QN, respectively. We define

M
BZL é pwVar( Z amflglhml),

m=1
C'll’ — Zpu l/E{’ Z (6779) mlhml’l }a
l’;él
M M
k'=1 m=1n=1

25 iamﬁzr} £ z '}

Following similar approach as above, the SE of the k-th DL
user is expressed by

(1 | RIE{E. 1mg@kgmk}|2> )
Bl +Cd, +Dd 4 Zd 42 |
where B,‘j, Cgk,, and Dg denote the BUG, MUI, and UL-
to-DL interference at the k-th DL user, respectively; Bg E
e Var( 1), D £ 2 S puiE{lal?).

and Ckk/ = e Zk’;ék E{] Z%ﬂ \/ngkgmk’ \2}*

-
RE=1o
- g2

C

A. Closed-Form Solutions of Spectral Efficiency

To understand the influence of the various system
parameters, we rigorously derive the closed-form expressions
for the UL/DL SEs in the following Theorems: °

ODifferent from [19], where the authors derived the UL rate of HD system
by approximating the QN under the assumption of large receive antenna arrays
per AP, we derive the exact closed-form solution for the SE under FD settings
and further consider the influence of QN at the k-th DL user. Thus our results
are valid for arbitrary number of receive antenna arrays thereby aiding the
system designer to predict the system performance with high certainty.

Theorem 1: Considering the MRC receiver under imperfect
CSI and low-resolution ADCs at the APs, the [-th UL user’s
achievable SE in the FD CF mMIMO over Rician channels is

S NT% M m - 2
Rjt = log, <1+ Ly Omi) ) (6)
Lgy M M

c Ty
T} 2 Nig Z Z Z O Ik O Gt Oy, + Z A

k=1m=1n=1

+ Z Z P, l/a'rncmll’ + Z affl< A + Zpu 14 'rrLll’

where

I'=1m=1 =1
Lq M
2 u . d
+Ntm§ E nnkamnamlank)7
k=1n=1

1 _—1_—1
Ay = CmiFo (Bmi + fmi)s Coarr = CmiCmtr By By (Komi

RmlBEml o 2
- am)7

+ Rml’ bml + Hml + ¢mll’)a Qp = (am

Npy
u 2 =2/ 2 2
f’mll = le"q‘ml (H’rnl + 2%} + Kmi + Hml + 3H77LZILL77Ll)a
_1--1
f::zll’ = le(ml/ﬁml Ay (,Ufml + Kl + Rml’ kml + Kml'%ml’)a
. Npygm - u : u
sin( =" sin(y ll)fsm(wm”,)) f ’
. ' mll/ ' orl' #1
and ¢mll’ = Sln(%Sln(w:tzll)fsm(w:;”/)) ’ ;é
for I’ = 1.

Proof: Please refer to Appendix A.
Theorem 2: If the m-th AP employs the MRT precoding
over Rician channel and low-resolution ADCs at the k-th DL
user, the achievable DL SE in the FD CF mMIMO is written

as
2 1/2 d y2
<1+ N (Zm 1 Mk mk) )7 (7)

-
Rl = T—S log,

: T
i M Ly 2
where Tj = Ny, Zk’ 1 2m—1 mlyé’nmk' + 2002 Putig t+
2 d \2 d _
L + (1 — ex)Ng, (Z 1 Tk @mk)”s Conepr , T
——1-_—1 Bk B! o ik
Bmkﬁmk’mmk’imk/ (mG’ + Kmk! +Vmk' Kmk + %)v
and

sin( T sin(g ) —Sin(Wd ) for k' £k

sin(% sin(¢d, ;) —sin(wikk, )

Omkk! =
for k' = k.

Proof: Please see the Appendix B.

Using (6) and (7), the total sum SE of the FD CF mMIMO
with low-resolution ADCs is given by Rsg({pui}, {mk}) =
Zle“l R} + Zfil R¢. The sum SE is a function of various
parameters including the large-scale fading coefficients,
residual SI/IAI, UL-to-DL interference, number of RF chains
(i.e., Nyz, Nz, and M), UL/DL powers, ADCs resolution b;?lp
(and ng ).

Remarks: From Theorem 1, we observe that the desired
signal increases linearly with the AP receive antennas N,
and quadratic in M. The QN grows proportionally with the
received signal, i.e., noise, MUI, and residual SI/IAIL. Thus,
the FD CF mMIMO with low-resolution ADCs is more
susceptible to the QN than the HD. Since the desired signal has
a higher order (in terms of N,, and M) than the QN, we can
compensate for the UL SE loss as a result of the QN, simply



by increasing the RF chains. However, considering Theorem
2, it is noted that both the desired signal and QN at the k-th
DL user grow at the same rate with Ny, and M. Therefore, it
is inefficient to compensate for the DL SE due to the QN at
the DL users by increasing the transmit antenna arrays. This
conclusion is consistent with the Rayleigh fading case [16].

For a fixed DL power, as the UL power increases, the
UL SE grows until saturation, i.e., becomes interference-
limited while the DL SE decays towards zero since the UL-
to-DL interference at the DL users increases with the UL
powers. Also, as the DL power increases, for a fixed UL
power, the DL SE improves until saturation whereas the
UL SE declines towards zero because the residual SI/IAI
are enhanced with the increasing DL power. Consider that
Pui = Pu, VI, PYIAY = PMAX = py,¥m and p, = pa = p.
Further, let us cons1der equal power allocation in the DL, i.e.,
Nmk = pﬁmth_ml’ where ﬁmk = I/Zéil a;ink' As p — o0,
the achievable SEs for the [-th UL user and the k-th DL user,
respectively, converge to

. S N""L' 1\4 m u 2
Ry = Ts log, [ 1+ (Zm?l ) ’ ®)
Te T
Mo 1/2 4 2
N T exlNe: (>0 0/ rat )
Rd — 5] 1 m=1 "Imk “"mk , 9
k Td 082 ( * Tg ©)

A Lg M M > 2 d
where T;{I - Z k=1 m=1 Z =1 amnnkamnaffnla’nk +

e Lu -
Zl’:l Y m= 10‘$ncmll' + D= Zl/:]zamf;flll' and

Y Lg - w
Te = Mzk/=1 Yoy Chpimk + Y vE (1=
e6)New (X y Mmkal )2 (8) and (9) demonstrate that

the SE loss due to MUI, QN, residual SI/IAI, and UL-to-DL
interference cannot be compensated by simply increasing
the available transmit powers. Therefore, an efficient power
allocation strategy to improve the total sum SE of the FD CF
mMIMO with low-resolution ADCs is needed.

To evaluate the impact of the Rician k-factor, let K, =
Kml = K,Vm, k,l. As k — oo, the [-th UL and k-th DL users’
SEs converge to constants given by (10) and (11), respectively.

Nrm(Zi\n/[:I amle)2> (10)

— Ts
R = —log, < +
Tc

Ty
M M
where Tz 7pNtITZ ] D ome 1Oém<7%0'mn77nkﬂnk +
u,l
Zl I Zm 1 Nyw 7n<ml<ml'¢mll/ + Zm:l OémCmI +

Zl’ 1 Zm 1 ampu l’lele’
_ s N2
R¢ = :—log2 <1 y et )7 (1)

where T = (1—ex) NE (i Bk )” + s Puaiy +

]y;&k Zm 1 nmk’ﬁmkﬂmk’(bmkk/""l Nig Zéil Bmk’r]mk <
Pd i
Pr00f: The expressions (10) and (11) are proved by setting
the Rician k-factor in (6) and (7) as « and taking the limit
as k — oo. From (10) and (11), we note that as the Rician
k-factors increase, the UL/DL SEs saturate irrespective of the
channel estimation quality, which is independent of the Rician
k-factor— exposing there exists an SE limit in strong LoS
environments.

M 1/2
k(zmzl nm/k 5mk>2
Td

B. Co-located FD Massive MIMO with Low-Resolution ADCs

For comparison, we derive the SE of the FD co-located
mMIMO with low-resolution ADCs. The FD co-located
mMIMO is a special case of the FD CF mMIMO, where all
the antennas are concentrated at a single BS with (3, = Sk,
Bmk = Kk V&0 = VL G = Qo B = K1, Y, = Y8
Vm,k,l and ocapmn = 0ap,Vm. For simplicity, the BS
receive antennas have equal resolution ADCs, ie., a,, =
a, Vm. Corollaries 1 and 2, respectively, provide the UL and
DL SEs.

Corollary 1: For the co-located FD mMIMO case, the [-th
UL user SE is given by (12) shown at the top of next page.
Note that a,;, = =q vom, [l = [ Ym, al = ad, Ym,
i = QCrRy, 1“1' (ki 4 + Ky + Kk ¢l /M N,.,), and
~ sin(.MNf”‘7r sin(y} ) :am('d)l,)) for I 75 I
b = sin(F sin(¢)—sin(4;)) 7

0, for I’ = 1.

Corollary 2: With low-resolution ADCs at the k-th DL
user, the k-th DL user SE in the co-located FD mMIMO
is written as (13) shown at the top of next page, where
e = BB iy Ryt (U + Ry + Vi kg Kk d3 g0 / M Niw),
and 7, = Mnﬂ,ﬁ. Also, \;v)e hazljd :
sin( =52 sin(+) ) —sin ,

iin(% sin(w,‘z(')—ksin(wg,)])c ) for kl 7& k
0, for k' = k.
Proof: The proof is omitted for brevity.

Ok =

IV. SUM SPECTRAL EFFICIENCY MAXIMIZATION

In this section, we investigate how to allocate the DL data
powers {n,x} and UL powers {p,;} to maximize the sum
SE of the FD CF mMIMO with low-resolution ADCs. First,
based on the analytic results from the previous sections, the
sum SE optimization problem is formulated. Then, we propose
an iterative algorithm via alternating convex optimization.

A. Problem Formulation

The sum SE maximization problem is formulated as

oSSty fsp(puth Uimk).
subject to Pu < PMAX, Vi,
Lg
Niz Y Nkt < PUAY, Ym,  (14)
k=1

where the pre-log factor Z* is removed since it does not affect
the optimization variables. The first and second constraints
indicate that the [-th UL user and m-th AP are limited
by their maximum transmit powers PMAX and P}1AX,
respectively.” The sum SE maximization problem is a well-
known non-convex problem and the global optimum is
generally unavailable. Therefore, we exploit the equivalence
between the sum SE maximization and the weighted MMSE
(WMMSE) minimization problems [35]-[37] to obtain a local
optimum. When the WMMSE method is employed in different

"The optimization problem does not depend on the instantaneous CSI but
only on the large-scale fading coefficients which changes much slowly and
thus enables the solution to be used for several coherence intervals.
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Rﬁ == log,

pu,lerMa(a';L)2 (12)
4 NewM Y2 codaiad + 300 puy(ach + (1—a)fl) )
n erie(M Nyzafl)? (13)
Te (1 - Ek)ﬁk(MNtwaz)Q + MNt;E Zé’i] ﬁk’czk/ + ZlL:u1 pu,lf)/il +1

systems, the resulting subproblems are unique. Thus, we
emphasize that the solutions obtained in this section are novel.

To reformulate problem (14) as WMMSE, we first set p,,; =
VDPuls Vvl and M = m7 Vm, k. Then, the mean square
errors of the l th UL, i.e., el = E{|sl —rg*?} and k-th DL
users, i.e., e¢ = E{|s¢ — rdjd|?}, after detection are written,
respectively, as (15) and (16).

M M
ef = 1+ [r|*Npg [ Z Qi Qi +ﬁi,ler(Z Amag, )+

m=1

Lg
—2
pu,l’amcmll’ +Nt1 E E E amamkamn mlnnk

=1m=1n=1

m=1
Lu

L‘LL

Z QmDs, l,fm”,} — 2Py, 177 Nrg Z Qn Gl (15)

m=11"=1

Lg
d __ ‘ d|2 + N
€L = €k|TL amknmk tx nzkk’nmk‘/

k'=1m=1
Ly

+ Zpu i+ 1} +1 26,7 Ny Z Ao Tk
=1

(16)

m=1

where 7 and r¢ (newly introduced optimization variables) are
the [-th UL and k-th DL users receive filters, respectively.
Proof: The proof follows similar approach as Appendix A.
Subsequently, the WMMSE problem is formulated as
Minimize
{Pu,i20} {w* >0} {r'},
{71 >0} {wi >0}, {r}}

subject to

F({wluv Tzlvpu,l}’ {wgv Tlcclv ﬁmk})

pul PA/IAX? VZ,
Ntzankamk < P MAX Im, (17)
k=1

A Lo

where T'({wi, 7%, pui}, {wd, rd Hmi}) = 12 lwie
In(w!)]+ 30 [wied —In(w)]; wi and w' denote the positive
weights associated with the [-th UL user and the k-th DL user,
respectively, for the WMMSE equivalent problem.?

B. Iterative Algorithm

Here, we develop an iterative algorithm based on the
alternating convex optimization, where one variable is
optimized while the others are fixed. For constant {wj}'},

8The WMMSE problem is concave, and the global optimum can be
achieved. Its convexity can be proved from the second derivative of the
objective function. However, this is straightforward to establish and is omitted
from the paper for brevity.

{Pus}s {wd}, {r}, and {fr}, the optimal r* that minimizes
the objective function of (17) is achieved by taking the first-
order derivative with respect to (wrt) 7}, equating to zero and
solving for 7}*. Thus, we have

|:pu ZN'V-K Z Oémaml + Z Z a'mpu l’cmll’

I’'=1m=1

Lq
+ Z amaml + Ntw Z Z Z amamkamn mlnnk

klmlnl

+ Z Z a'rnpu v mll’:| — Pu,i Z QG = 0.

I'=1m=1

(18)

From (18) the optimal filter 7}
Du,l Z (F) =1, where

7 —Pusz Z Qmty)? + Z Z QoD 1 Cory

I'=1m=1

Lq
+ NLL Z Z Z aﬂbamkamn mlnnk + Z O[’manLl

klmlnl

= =2 u
+ Z Z ampu,l/fmll"

I’'=1m=1

* of the [-th UL user is 7}"*
1 QG

Next, we derive the [-th UL user weight that minimizes
the objective function of (17) by keeping {ri*}, {r{}, {w{},
{Du,i}, and {71} constant, solving the first-order derivative
wrt wy', setting the gradient to zero and solving for w;*. Thus,
the optimal weight w* = (e}*)~! is attained.

Using s1mllar approach the k-th DL user’s 0pt1mal filter is
expressed as r* = N, M mknmk(r,‘f) , where 7¢ =

+ NG, (Zm L @ Timk)? + N Zk’:l Zm:l Coratte Toer +
Zl:l szpu, ;- The optimal weight of the k-th DL user is given
by wi* = (ef)~L.

For a given set of variables {w!}, {ri*}, {w{}, and {r{},
we now need to solve for the optimal data powers {p, ;} and
{7mr} that minimize the objective function. Expanding the
objective function of (17), grouping like terms and removing
known terms, the problem (17) reduces to

Minimize T.({pu +Ta({am
o, Minimize ({Pus}) + Ta({Nme})
subject to ]33 1 < PMAX, Vi,

Nmankamk < PYAX 'y, (19)
k=1



where
u({Bu}) wa%@mmz%%
m=1
M L, Lu
Z Z Doy Qo oy + Z Z [ mll’} - 22Wf><
m=11[0'=1 I’'=1m=1 =1

Lg L,
— u u dy,.d|2 2 =2
DPuiT) Nra § QU Gy + § w7 E ViiPu,i>
m=1 k=1 =1

M
Ta({iimi}) = Zwklr e[ N2 @)+
m=1

Lq Lg M
Ntf Z Z cmkk’nmk :| -2 nggkrgNtz Z aydnkﬁ’mk‘f'

k'=1m=1 k=1 m=1

Lg
Zwl |rl | NyyNig Z Z Z amamkamn mlnnk

k=1m=1n=1

It is noted that the problem (19) can be decomposed and
the power allocation problem at the UL users and the APs can
be solved separately. Considering the UL, we obtain

MAX Vl

Minimize ', ({pu,}),subject to p7; < (20)

{Pu,1>0},

while for the DL, i.e., AP power allocation problem, we have
Minimize  [g({fmx}),
{'Fimk 0}
subject to Ny ankamk < P MAX . (21)
k=1

1) Solving UL User Power Control Problem (20): The
problem (20) is a convex quadratic program wrt p,; and
therefore its optimal solution can easily be achieved in closed-
form by using the Lagrange multiplier method. Specifically,
the Lagrangian of the problem (20) is written as

LMY uh) = Tul{purh) + 3 M@, — PMAY),

=1
(22)

where \; > 0 is the Lagrange multiplier. By taking the first
derivative of (22) wrt p,,;, we have

or M

_ 2 _
9D = 2pu lN W |Tl ( § amauml) + 2pu,lNrmX
Pu,l m—1
L, M M

2 2
g g wilrp|fas, ci — riw Nra E Qg+
I’'=1m=1 m=1
2
2Dy, 1 Nry § E Wiy |2 Qm fapr =+ 2Pui E wilri Pyt
I'=1m=1 —

2Dy -

Equating the derivative to zero and solving for p,, ;, we obtain
Put = TP NTe Yoy Gt/ (Y + N), where

Yui = N2 wi|ri? Z amagy,)?® + Zwk|7’k| Vit + Npa X
Lo, Ly,

Z Z wit|rit b, e + Npw Z Z Wit [P @ frgyr-
I’=1m=1 I’=1m=1

The Lagrange multiplier A\; has to satisfy the complementary
slackness condition [36], ie., N(pi, — PMAX) = 0.
Therefore, the solution of p,,; is

min(py 1,/ PMAX), for A =0

Du,l = (23)
,/P%AX, for \; # 0,
where p,; = rjw)'Nrz Z%Zl ama, (P ) !
2) Solving DL Power Allocation Problem (21):

The problem (21) is a quadratic constraint quadratic
program hence convex optimization problem. However, the
optimization variables in the objective function are coupled
together via the per AP power constraints. To decouple the
problem, we leverage the alternating direction method of

multipliers (ADMM) [38]. Let 9, = [k, - -+, k] € RM*L,
n = [0, "7nLd]T e RMEax al = [af, .- af,]" €
R el = e s ] € RMXY
ct., = diag(czk,) € RMxXM_ " and D¢ =
dlag(Zl IZm i |2amagzla72n1a(1lk7""

Zl 12 Wil O‘maﬁuagnMaﬁlwk) € RM>M,
Therefore, the objective function of (21) is rewritten
by

d Lg
1) = Nis [Z wilri Pe (Nualnf a2+ 3 5 Clo )

k=1
Lg

-2 Zwkgkrk\ﬂk ag|+ Ny an Dwk}
k=1 -

Also, let F define the feasible region of the constraint in
(21) and gx(z) as an indicator function which is given by

0, if IV, z5, am <pMAX
g]—‘(Z) :{ tx Zk 1 k k )

400, otherwise
where z = [z],---,z] ] € RMEoXl and z, =
(21, 20T € RM“ The optimization problem (21) is

recast in ADMM form as [38]

Minimize T'4(7) + g7(z), subjectto 7 =1z. (24)
7.2

The scaled form augmented Lagrangian is written by [38]
0 L
Lo, 2,u) =T(®) +95(2) + 5 D Ml =z + i,
k=1
where ¢ > 0 and u = [u],---,uf ] € RMLex! denote
the penalty parameter and scaled dual variable, respectively;

w, = [uik, sk, - unk]’ € RM*L The ADMM for
minimizing the augmented Lagrangian £,(7,z,u) is carried



Algorithm 1 ADMM Technique for Finding Solution to (21)

Input: Initialize the primal variables zfn,)c, Vm, k and the dual
(0)

ks VM, k and set the penalty o > 0. Set s = 1.
1. Iteration s:

variable u

1.1. Update the first primal variables as

n° :=argmin L,(7),z° 1, u’"t). (25)
n

1.2. Update the second primal variables zg,i),‘dm as

z° := argmin L,(7%,z,u*" ). (26)
z
1.3. Update the dual variables u
wi=u 4 -2 (27)

2. If stopping criteria is met — Stop. Else go to Step 3.
3. Store the current best solution 777(;3« and u') Vm, k.
Set s = s+ 1 and go to Step 1.

Zmk> mk’

Output: The optimal solution: 7, = ﬁfj%,‘dm, k.

out by alternatively updating the two blocks of primal variables
7 and z as summarized by Algorithm 1.

Below, we will detail the procedure to update 7 and z
with closed-form expressions. For ease of notation, we omit
the superscripts that represent the iteration counter. The first
block of primal update in (25) is obtained by solving the
unconstrained convex quadratic problem given by

ZH% — 7+ uy 2.

The objective function of (28) is expanded as

Lg

E =T d|,.d|2 2
N (wlek €kN

k=1

Minimize Fd (28)

n

Lqg
az(aﬁ)T + Niy Z wg,|r,‘f,|2€kckk/+

k=1
Lg
N, NiuDj, + 21M) 2;% (wkekrkNmak + 2(z,q_
0 &
uk)) + B ;(zfzk +ufug — 2z} uy). (29)

The optimal 77, Vk is achieved by setting the first derivative
of (29) wrt 1, to zero and solving for #,.. Thus, we have

= W, (wkskrkNmak + =(zx —ug)), Vk, (30)

2 (
where W, 2 wird2e, NEad(ah)T  +
Noo S5 b oGl + Moo N D £

Next, the second block of primal variables z are updated by
solving the optimization problem

Lg
S Y = 2
Mlnlzmlze 5 Zan — 2z + ug||*,
k=1
Lg
subject to Ny, sznkafnk < PMAX 'ym. (31)

k=1

From observation, the problem (31) can be separated into M
subproblems with the m-th subproblem corresponding to the
m-th AP. Specifically, Vm = 1,---, M, we have

Laq
Minimi 0 _ 2
1nzlm1ze 5 (nmk — Zmk + unzk) )
m el
Lq
subject to Ny, E 220l < PMAX (32)
k=1
T L 1 ~
where Zm = [zmla"' Zde] E REax s M =
= = T Lagx1 _ T
[Wml; e J]del € R* s Wy = u'mla e 7ude] S

REax1 and a?, e RLaXl Problem

(31) is rewritten as

= [V fag)

Minimize ||, — Zm + Wnl?,
Zn

Neollzmas, < P,

subject to (33)

The optimal solution to (33) is obtained by using the KKT
conditions. Thus, for each subproblem, we have the solution
7y = min(1, /oA NGl 2617 )€ s Y =
-, M, where §,,, = 1,, +U,,. The dual variable u updates
are done by a simple addition of the two primal variables.

Until now, the closed-form expressions for the variable
updates have been derived. In terms of computational
complexity, the only expensive process is the matrix inversion
in (30). However, this computation is carried out once for any
large-scale fading realization. The primal variables z,,, Vm, k
in Algorithm 1 can be initialized to any values within the
feasible region. In this paper, z,x,Vm,k is initialized as
Zmk = TMmk, VM, k and the dual variables are initialized by
Umi = 0,Vm, k. The ADMM algorithm is guaranteed to
converge to a global optimum as noted in [38] and references
therein. The stopping criteria which is proposed by [38] is used
to terminate Algorithm 1, where the ¢"¢’ = 1073. Finally,
the iterative algorithm based on the alternating optimization
technique for finding solution to (14) is summarized in
Algorithm 2. Algorithm 2 is initialized with any data power
values in the feasible set and it is terminated when the
difference between two successive iterations (i.e., 9 > 0)
is small. We define a stopping criterion for Algorithm 2 as

() _ p@-1)

Rk |< 9.

3) Computational Complexity: The complexity
for  implementing  Algorithms 1 and 2 are
O(Il [MSLg —+ lOg(l + ¢1)]) and 0(12{11 [Mng +
log(1+ ¢1)] + L5 L5 + log(1 4 ¢2)}), respectively. Note that
Algorithm 1 is embedded in Algorithm 2. Here, log(1 + ¢1)
and log(1 + ¢2) represent the complexity for implementing
the convergence criteria of Algorithms 1 and 2, respectively.
The computation of variables 7, z° and u® in Algorithm 1
is M3L3. The computatlon of {pul}l e {wre,

d
{er} ), {7‘,€}lc 1 {wk}k 1 {ek}/,C 1» and the sum SE is
given as L5L% The computation of the iterations within



Algorithm 2 Alternating Optimization for (17)

Input: Maximum data powers per UL user P}4AX and AP

MAIii:rg{{utla]ti;ZG powers pu l,Vl and 77( ,)C,Vm k Sett = 1.
_(t—1) M e al
1.1. Update rlu(t), VI as rf(t) Puut %ﬂi) o
where flu(tfl) is written as (34).
-1
1.2. Update wlu(t) vl as wu(t) = (u(t)> , where

e L= 2Npr OB Yo amalyy +

) _u(t—1)
Ir;" |2 Nyp 7y .

M d —(t—1)
1.3. Update r,’f(t), Vk as r,‘i(t) Ntw Z”ﬁd(lt ;’;’”"’"’“ ,
where 7071 g given by (35).

1
1.4. Update the variables wk , Vk asw ® = ( Z(t)) ,

d(t) _

where e,/ = 1 — 25krd( !Ny, Z a kn(tkl) +

Vi as p,; =

mln (ﬁu,h \/ P%AX)’
where pu,l 1s given by (36).

1.6. Update 77 k,Vm,k using Algorithm 1 with the
u(t) u(t)} and {rd(t) d(t)}
2. If stopping criterion is met — Sto;; Else go to Step 3.
3. Save the current solution, i.e., p,, vl and nmk,Vm k.
Sett =1¢+ 1 and go to Step 1.
Output: The optimal solutions: p _( ) , V1 and n k,Vm k.

e d(t) 2, ~d(t—1)

1.5. Update p() (t) =

u,l?

inputs {r,

u,l?

Algorithms 1 and 2 are defined as I; and 12, respectively.
rx( Z amaml)

i Contpr F Qo o)+

~u(t 1) (t 1)

Z amaml + pu[

ZZM

I’'=1m=1
Ly M

M
NtIZ Z Zamamkamn ml(ng]; ))
k=1m=1n=1

(34)
th Y _1‘1'271@1 pgzl

d
2
Ntz Z Z Coutetr ( nmk’ :

(35)
k'=1m=1
M
But = 11O ON S amat (N2 O @2 x
m=1
( z )+ New 33 OOt
I'=1m=1
Ld _
G o) + D wp Ol o) (36)
k=1

V. NUMERICAL RESULTS

This section presents results of the paper. Analytic results
are validated through Monte Carlo simulations over 500
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Fig. 2: Total sum SE vs power (dBm) (L, = Lg = 20, bAF =

ng = 37 Nm: = Ntx = 5)

channel realizations and 10® AP-user random locations. The
M APs, L, UL, and L; DL users are uniformly distributed
within a 1 km? cell which is wrapped-around at the edges
similar to [3]. The large-scale fading coefficient between any
two nodes i and j is given by 10P%i, where PL;; is the
pathloss. The pathloss between the m-th AP and the k-th DL
user (I-th UL user) is calculated using the COST 231 Walfish-
Ikegami model for micro-cells, where the AP height is 12.5
m with the user height 1.5 m and an LoS exists between
any AP-user link. Specifically, the AP-user pathloss is written
as PL;; = —30.18 — 261log,((di;) + Si;j, where S;; is the
lognormal shadow fading with the standard deviation 4 dB and
d;; is the distance between nodes 7 and j in meters [39]. For
the inter-AP and UL-to-DL user pathloss, we use the COST
231 Walfish-Ikegami model for non-LoS which is expressed
as PL;; = —34.53 — 38log, (d;;). The Rician k-factor x;;
is computed as x;; = 10%370-0034i; [39],

Communication occurs over 20 MHz bandwidth with a
total receiver noise power N, = —94 dBm. Each coherence
interval comprises 7. = 200, where 7, = L, and 74 = Lg.
Also, pr = pr/N,, PMIX = PMAX /No, and PMAX —
P%AX /N,, where §., ]5(%” , and PM AX is the pilot power,
maximum powers available per AP and UL user, respectively.
For simplicity, we assume all the APs use equal resolution
ADCs, i.e., bAP = bAP ¥m. Similar settings are made for the
DL users, i.e., bUE = bYF VEk. To obtain «, and ¢, for any
bUE and bAP see [22, Table I]. Unless otherwise stated, the
followmg parameters are used: M = 80, N,, = Ny = 5,
L, = Lg = 20, and pSI = 40 dB. The powers are set as

pr = PMAX =100 mW and P}AX = 200 mW.

A. Achievable Spectral Efficiency

The achievable SE as a function of the APs M, UL/DL
transmit powers, quantization bits, and residual SI/TAI is
investigated. Here, we assume the [-th UL user transmit at
full power, ie., py; = PM AX Yl and the APs use equal

power allocation, i.e., 7k = PMAX (Nt Zk Lal ). The
analytical SE of the [- th UL user and k-th DL user are obtained
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according to (6) and (7), respectively. The simulated UL and
DL results are achieved by (4) and (5), respectively. The results
are then aggregated over the L, and L, users to obtain the
UL sum SE and DL sum SE, respectively. The total sum SE
is then achieved by adding the UL sum SE and the DL sum
SE.

Fig. 2 shows plots of the simulated total sum SE and
analytical results versus the transmit power, for different M.’
The UL/DL powers are jointly varied from -40 dBm to 30
dBm. From Fig. 2, it is noted that the analytical results match
tightly with the Monte-Carlo simulations which confirms the
validity of Theorems 1 and 2. The total sum SE of the FD CF
mMIMO generally increases with the increase in the number
of APs M and improves as the transmit powers increase until
saturation. This saturation is caused by the growth in the MUI,
residual SI/IAI, UL-to-DL, and influence of the QN whose
effects are increasing functions of power (see (8) and (9)). We
also observe that for any given transmit power and M, the
total sum SE is higher in the Rician fading environments than
the Rayleigh case.

In Fig. 3, we plot the simulated achievable UL/DL sum
SE, analytical UL results, and analytical DL results against
the number of APs M, for different ADC resolutions b/if
and ng, where L, = Ly = 10 and N,, = Ny, = 2. It is
obvious from Fig. 3 that the analytical results are again exact.
The UL and DL sum SEs increase with the growth in M
and reduces as the ADCs’ resolution declines. In the low-bit
regime, the DL sum SE saturates rapidly as the APs increase
since both the desired signal and QN of the k-th DL user grow
at the same speed with M (see Theorem 2). However, the
UL shows monotonic growth with M for any ADC resolution
since the desired signal has a higher order than the QN (i.e.,
with respect to the receive arrays) as shown in Theorem 1.
Since the analytical results are tight, from here on, the figures
are generated with the closed-form solutions instead of the

°For comparison, we include the achievable SE in Rayleigh fading scenarios
which are obtained by setting the Rician x-factors in the AP-user links to zero,
i, Kmk = kmi = 0,Vm, k, .

Sum SE (bps/Hz)

— — — UL (co-resolution)
ofg === DL (oco-resolution)

20

2 4 6 » 0 12
Resolution of ADCs (bits)

Fig. 4: Sum SE vs ADCs’ resolution (bits) (L, = Lgq = 30,

Nyy = Nig = 9).

time-consuming Monte Carlo simulations.

Fig. 4 shows a plot of the UL/DL sum SE versus the
quantization bits bAl(bYF), for different APs M. We set
L, = Lq =30 and p%;/N, = 80 dB. It is observed that the
UL and DL sum SEs grow as the ADCs’ resolution increases
until saturating to the perfect quantization case. For the UL,
the FD CF mMIMO needs about 5 bit ADCs to converge to
the infinite-resolution case while in the DL about 7 bits are
required to achieve equal sum SE as the perfect quantization.
We note that the UL shows better sum SE than the DL, in the
low quantization bit regime. However, as the ADCs’ resolution
increases beyond 3 bits, the DL shows superior sum SE since
the APs use higher transmit power (than the UL users) and
DL users suffer less UL-to-DL interference compared with
the residual SI/TAI at the APs. Note that for the DL, the QN
dominates in the low-bit region. This result is consistent with
Fig. 3.

Next, we study the impact of the residual SI/IAI and UL-
to-DL interference on the achievable sum SE by p1c2>tting

the total sum SE versus the normalized residual SI %SO’ in
Fig. 5. For comparison, we include the total sum SEs of
the co-located FD mMIMO and the HD modes. The HD
result is obtained by setting the residual SI, TAI, and UL-to-
DL interference to zero while doubling the transmit powers
and imposing a 0.5 pre-log factor in the SE expressions
(7) and (6), for fairness. It is observed that the total sum
SE of the FD CF (and co-located) mMIMO reduces rapidly
as the strength of the residual SI increases. For the HD,
the sum SE remains unchanged as it is unaffected by the
residual SI, TAI, and UL-to-DL interference. We note that
the vulnerability of the FD CF mMIMO to the residual SI
is aggravated by the low-resolution ADCs. For instance, with
1-bit quantization, the FD CF mMIMO outperforms the HD
CF mMIMO in the region p%;/N, < 143 dB and the region
grows to p%;/N, < 152 dB and p%;/N, < 155 dB for
bAP (B E) = 3 and AT (bYF) = oo, respectively. For the co-
located mMIMO, the FD outperforms the HD in the regime
p%;/N, < 118 dB, p%;/N, < 126 dB and p%,/N, < 134
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dB for ADC resolutions 1, 3 and oo, respectively. Thus, the
FD CF mMIMO provides more resistance to the residual SI
than its co-located counterpart. Moreover, the total sum SE
is substantially higher for the FD CF mMIMO than the co-
located counterpart. This is because the IAI is considerably
lower (due to the higher pathloss among the APs) than the
SI at the co-located mMIMO, where the receive and transmit
antenna arrays are in close proximity.

Fig. 6 shows a plot of the UL/DL sum SE versus the Rician
r-factor in dB. We set L,, = L4; = 30. Here, the UL and DL
Rician k-factors are set such that k,,; = K = K, Vm, 1, k.
The upper subplot shows the UL sum SE while the lower
subplot indicates the DL sum SE. We observe that the UL/DL
sum SEs show an initial growth as the « increases until it
approaches a saturation point. This point of convergence is
obtained by (10) and (11) for the UL and DL, respectively.
Thus, in a strong LoS environment, there exists a performance
ceiling irrespective of the channel estimation quality. Further,
it is noted that the rate of saturation is influenced strongly by
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the ADCs’ resolution. For example, in the UL, it is observed
that for b;;‘@P = 1 bit, the sum SE saturates at kK = 18 dB while
the saturation point is x = 26 dB for b\F = 3 bits.

B. Power Optimization

Here, we discuss the convergence properties of the proposed
algorithm and sum SE improvement thanks to the joint power
allocation azlgorithm. We set the following parameters: L, =
Lq =30, 5t =80 dB, b,” = 3, Vm and b/¥ =5, Vk.

Fig. 7 indicates the convergence of the proposed sum SE
maximization algorithm, for different APs M and ADCs’
resolution bf}LP (b,lc]E ). Algorithm 2 for alternating optimization
for (17) comprises the WMMSE outer loop and an inner loop
for the ADMM. From the figure, it is observed that for every
update of the data powers, the total sum SE of the network
is improved. From an initial starting point, the system sees
about 12% to 20% growth in the total sum SE at the point of
convergence (for all the considered APs and quantization bits).
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We note that the proposed algorithm requires few iterations
to converge. Meanwhile, the algorithm has low complexity
since each step in the algorithms involves solving closed-form
expression.

In Fig. 8, we compare the performance of the FD CF
mMIMO with low-resolution ADCs and power optimization
(i.e., indicated as “Optimized”) with the setting without power
optimization (i.e., shown as “Non-Optimized”). We plot the
total sum SE versus the number of UL/DL users, for different
M. It is considered that L, = Lg; = L, ie., the total
number of UL and DL users in the network is 2L. From
Fig. 8, we observe that jointly optimizing the data powers
offers significant improvements in the total sum SE. For e.g.,
when M = 80, the SE improvement with L. = 5 is 6.18%
which increases to 13.7% for L = 35. It is worth noting
that the “Optimized” system with M = 60 shows better sum
SE than the setting with M = 80 without optimization. This
shows the robust SE improvement provided by the joint power
optimization algorithm. Generally, the total sum SE decays as
the users increase beyond a certain number due to the pre-log
factor 75/7.. As the number of users increase, more timeslots
are utilized for pilot signaling which results in reduction of
the available slots for useful data transmission.

Fig. 9 shows the cumulative distribution function (CDF) of
the total sum SE for the “Optimized” and “Non-Optimized”
system, for different levels of normalized residual SI p%;/N,,.
The performance gains introduced by the power allocation
algorithm at p%;/N, = 100 dB and p%;/N, = 140 dB
are 13.2% and 38%, respectively. We note that the sum SE
reduction due to the increase in p%;/N, (i.e., from 100 dB
to 140 dB) is 12.7% in the “Optimized” system and 37.5%
in the “Non-Optimized” setting. Thus, indicating that the
power optimization provides more robustness to the increasing
interference caused by the FD transmissions. In Fig. 10,
we plot the CDF of the total sum SE with and without
power optimization, for the quantized and unquantized FD
CF mMIMO. It is clear that the power allocation algorithm
provides significant boost in the total sum SE. Notably, the

1

b'A"P . b[ E
09 F|— == by =2, =5
“““““““ [ N |
0.8 H|— — —#ir = au®
5 0.7 Non-Optimized ; !
2 i
Z o6t
b
£ 05F
5
= 04r
g 0al Optimized |
o i
02}
041}
0 i bl :
120 130 140 150 160 170 180 190

Total sum SE (bps/Hz)

Fig. 10: CDF of total2 sum SE (M = 80, N, = Ny = 5,
L,=Lys=30, and ’;Vﬂ = 80 dB).

quantized FD CF system with power allocation shows better
total sum SE than the unquantized FD CF mMIMO without
optimization.

C. Energy Efficiency

In this subsection, we evaluate the performance of the FD
CF mMIMO with low-resolution ADCs by investigating the
trade-off between the power consumption and the achievable
SE. First, we modify a generic power consumption model
proposed in [40], [41], [42] for the FD CF mMIMO. Then,
this power consumption model is used to evaluate the UL and
DL EEs. The total circuit power consumed by the RF chains
in the UL and DL are modeled by

P]’I{::MNT‘Qf(PLNA+PM+PLPF+PLO+PBQHLP)

M
+ 2N, Z (cPacc,m + Papce,m), 37
m=1
P¢ = Lq(Ppna + Pu + Popr + Pro + Pramp)
Lg
+Y (cPagok + Pabck), (38)
k=1

respectively, where Prnya, Py, Pro, Prpr, PBam;n
Piccom, andPapc,m denote the power consumed by the
low-noise amplifier, mixer, local oscillator, low-pass filter,
baseband amplifier, m-th AP automatic gain controller (AGC),
and ADC, respectively; Pagc,rx and Papc, are the power
consumption of the AGC and ADC at the k-th DL user,
respectively. Also, ¢ is an indicator which takes the value
¢ = 0, for bﬁp =1, ¢c = 1, for b;‘,‘LP > 1. The power
consumed by the ADCs is given by Papc,m = obm” Fw fs,
where Fy denotes the Walden’s figure-of-merit (FOM) and
fs is the Nyquist sampling rate. Similar definition holds for
Pyspc,i. Using (37) and (38), the UL/DL EE is given by
Vp = BZé;l /Py bits/Joule [30], where B denotes



the bandwidth and v € [u, d].!° For numerical evaluation, the
following power consumption values are used: Pp; = 16.8
mW, PLO =5 mW, PLPF = 14 mW, PBamp =5 mW,
Prya = 39 mW [42] and Page = 2 mW [40], [41] with
Fy = 494 f)/step/Hz [42].11

Fig. 11 (a) shows a plot of UL EE (in Mbps/J) versus
the ADCs’ resolution b::P, for different number of APs
M. For comparison, the EE performance in Raylelgh fading

scenario is included. We set L, = L; = 30 and "S’ = 80
dB. It is observed that the UL EE monotonically 1ncreases
as the ADCs’ resolution increases from bv* = 1 to 3.
However, as bAF increases beyond 3 bits, the UL EE
declines rapidly towards zero. This is because the UL sum
SE grows sublinearly with the ADCs’ resolution while the
power consumption increases exponentially with 64¥. Thus,
as bAF increases above a threshold, i.e., b4¥ > 3, the power
consumed dominates and the EE decays rapidly. Generally,
the UL EE reduces as M grows since the increase in the
receive RF chains implies more ADCs are employed. We
note that the total power consumed grows linearly with M
and N,, while the UL sum SE grows logarithmically with
the APs. Furthermore, it is obvious from Fig. 11 (a) that the
UL EE in Rician fading channels is superior to the Rayleigh
case. This is because the UL sum SE improves in strong LoS
environments whereas the total power consumed by the ADCs
is independent of the Rician x-factor (see Fig. 6). Fig. 11 (b)
plots the trade-off between the UL EE and sum SE. We vary
the quantization bits from bAF = 1 to 12. For each bAF,
the UL sum SE and EE are computed. Higher sum SE are
plotted on the right while higher EE performance are shown
in the upper plots. Therefore, the best EE/SE trade-off occur
on the right uppermost points. It is observed that as the ADCs’
resolution increases, both the UL EE and sum SE increases
as bAF improves from 1 to 3. For bAF > 3, the UL EE
reduces while the UL sum SE remains saturated. Also, the
entire operating region envelope of the FD CF mMIMO with
low-resolution ADCs is improved in Rician fading scenarios.

Fig. 11(c) plots the DL EE against the ADCs’ resolution
bYE at the DL wusers, for different M. It is observed that
the DL EE initially grows as bYF increases from 1 to 4
before decaying towards zero. As the quantization bits at the
DL users improves, the DL sum SE grows until saturation.
However, the power consumption increases exponentially for
every increase in the resolution bits and the EE subsequently
falls. Contrasting with the UL, the DL EE improves as the
number of APs increases since the DL sum SE enhances
with M and the total power consumption in the DL, i.e.,
P¢ is not dependent on the number of transmit RF chains,
i.e., M and Ny,. Similar to the UL, the DL EE is improved
in Rician channels when compared with the Rayleigh case.
Fig. 11(d) provides insights into the DL EE and SE trade-

10Since the key benefit of using low-resolution ADCs in mMIMO systems
is to reduce the circuit power consumption, particularly due to the ADCs, we
study the EE as a function of the circuit power consumption and ignore the
UL/DL transmit powers. This is a standard assumption in the literature [16],
[30], [41], [42].

"'This corresponds to the high power ADC which operates at a speed of
1 Gs/s. The Walden’s FOM can have values as small as Fyyy = 5 ~ 65
fJ/step/Hz for a low-to-intermediate power ADC [42].
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Fig. 11: (a) UL: EE vs ADCs’ resolution. (b) UL: EE/SE trade-
off. (c) DL: EE vs ADCs’ resolution. (d) DL: EE/SE trade-off.

off. From Fig. 11, it is clear that the DL EE and sum SE
increases as the quantization bits increase from bY% =1 to
4. However, for UEZ > 4, the DL sum SE remains flat while
the DL EE decreases towards zero as the power consumed by
the DL users dominates. Also, the envelope of the operating
region in the DL increases as M grows and enlarges in LoS
conditions. From Fig. 11(a) and Fig. 11(c), we note that using
the derived analytical results, we can numerically obtain the
optimal number of quantization bits that maximize the UL and
DL EEs, ie., b4F = 3 and bVE = 4, respectively.

VI. CONCLUSION

We have studied the SE/EE of the FD CF mMIMO
with low-resolution ADCs over Rician channels. Closed-
form solutions have been derived to characterize the joint
effects of the Rician k-factor, UL/DL powers, residual SI/IAI,
UL-to-DL interference, and QN on the UL/DL achievable
SEs. The vulnerability of the FD system to the residual
SI/TAI and UL-to-DL interference is aggravated by the coarse
quantization. However, the FD CF mMIMO offers significant
SE improvement over the HD counterpart and co-located
FD mMIMO. We have maximized the total sum SE of the
network subject to the per user power and per AP power
constraints. From the results, the proposed algorithm offers
considerable SE gain over the uniform power allocation. We
have analyzed the trade-off between the SE and EE as a
function of the ADCs’ resolution. The optimal ADC resolution
that maximizes the EE can be numerically achieved.

APPENDIX A
PROOF OF THEOREM 1

1) Solve for Desired Signal and Noise' Here we have
the desired 51gnal Ay = pu l|]E{Z -1 ozm ml}| where
E{>M | a,,hH, ml} is rewritten as Zm 1OémE{hmlhmz}

BB ) = B (B + D)} B[}
= Bl Bt B |}

b _ _
© i F BB ]2} + R BBt |2},

(39)



where (a) uses the fact that the estimate and error channel
vectors are independent and in (b), we remove all the terms
with zero expectations. Then, we have E{|hy, ,../*} =

Con Z 2 eI Dmsin(n,) L emi(n=DmsinGn) = (N,
and E{H humil®} = GuitmiNee.
the solution pu,lez(Zﬂle W ConiBr (Kmi + 1)) %
Similarly, the noise term yields Zﬁf Lo E{|hn|?} =

M _—
Zm:l a?nCWLle% (‘%ml + /Lml)

Therefore, we have

2) Solve the BUG: The term B 1is rewritten
as pu,l[z:\y/f:l Z%/=1 O‘mam’E{hglhmlhg/lhm’l} —

fo(zgzl O CmiFy (Kmi + pmi))?]. Here, we derive the
first term for all possible AP combinations.

For m #* m, E{fernlhmlh ,lﬁ /l} =
IE{hml ml}E{hnHm/lﬁm’l}' E{flﬁlhml} = E{hnLlhml}
le'%ml (Kmi 4+ pmi)Npg.  Similarly, E{h ,lhm/l} =
Cm’l’i /l(ﬂm’l + ,Ufm’l)N

For m = m/, we have ]E{|h h,,|?} _]E{|h h,|?} +

E{|h# h,,|?}. Thus, E{|h%, hmll } = sz]E{Hhmzll b=
lecmmm}(/fml—&—uml)Nm For E{|hmlhml\ }, we can write
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where in (c), we remove all the terms with zero expectatlons.
From above, we derive [E{|h L.ml 1*} =
(le EN)’"I) ej(n 1)msin(yy,;) . e —j(n— 1)7rsin(1/);tll)) _ <—2 r:v’
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Lemma 2.9], E{||hy m||*} = ¢2,02,; Nyo(Nyi + 1). Thus,

M 9 M

| Z amhglhml’ b=
m= m=1
Nr:c + K? ( N + 2f<v'ml/14mlNrw + 2"€mlMMlNr2x+

M M
Z Z ——1 ——1
Qo Q! le Kt Cm’l K1 X

m#m/’ m’'=1

O‘En, |:§ml gml R;ﬁ (le + Mml) X

MmlN +/1‘mlNTfC :| +

/

2
KmilKm/’l + MUmilm’] + Rmillm’l + le’{m/l)Nrm

M
= Nyy Z OL%LR;ﬁ Cmi [le(“ml + ,Ufml) + R;ﬁ le(zﬁml,uml

m=1

M M
_—1 _—1
§ § O‘mam/leHml Cm/l’{mll (Hml“m’l+

m=1m’'=1

+ ﬂfnl)] + N232

Hmim’] + Rmlm’l + ,uml’fm’l> .

Using Cm} = le“ml éml and performing simple algebra
Pu lVaI(Zm 1 amhanlhml) yields

Du, lNI.L Z

Ca(mi + Kl + HmiFomi)- (40)

3) Solve for the MUI: The MUI term is expressed

as Cu = N Ner Pur O E{ B o 7} We
pund E(fihn 7} — B ehl,
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h, 2 }] The following expectations are
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CmiCmp 92,1, Where (d) uses [24, eq. (118)]. Combining all
derived terms, the MUI term achieves
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4) Solve the residual SI and IAI: : The residual SI/TAI

is given as Zk 1Zm 1Zn 1amnnkE{\hlemngnk\ 1.

We derive ]E{|hlemngnk|} = Bnklinklink(lfnk +

H/nk)]Eﬂh lananhml|} Nta: 7x6nk"€nkﬁnk(ynk +
1
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5) SjglveA the ON: To derive the QN, we write
E{| et B2 2} = 20y Yoy BADS 202 B}
For m # m/, E{|hZ,z,2,h,i|} = 0 since
the QN vectors are uncorrelated. If m = m/, we

have E{|hZ R; h,;|}. To obtain R;,, we derive
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4¢3 pimifmiF, 3, where (d) removes the terms with zero
expectations. Thus, E{|h;lihmli|2} fmlleF;;i(nml +
Mml) R 1o (Ko + 2ty + Aptmikimt) = 1oy (K2, +
Mml + 3Mml"iml + Kmi + //fml)
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=+ HmlE{th mli how ml’z| } ‘i' ’iml’]E{|hw’mth,ml/z|} +
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CntrCmts B{IRY pihrmril®y = Gt Gmiptant,  and
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Rml Hml/)
Combining the terms, the QN yields

M
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k=1n=1

1 Cont (Unk + Enk) (Bt + Kmt)]. (43)

Substituting the derived terms into (4) completes the proof.

APPENDIX B
PROOF OF THEOREM 2

For brevity, we derive only the QN term at the k-th DL
user. The other terms are obtained by following Appendix A.
Here, the QN is Z{ = (ex — £7)E{|y}|?}, where

K, L
E{lyel’} =1+ > /Puibar B lauigiy [} +
=1101'=1
Lg Lg M M

Z Z Z Z vnmk’nm’k”]E{|gikgmk’gg/k”gm’k|}'

k'=1k"=1m=1m=1

To derive the third term, all possible AP-user combinations
are considered. If ¥/ # k" # k and m # m/,
E{|ggkgmk’gg1k”gm’k|} =0;If ¥ =k # k and m # m/,
E{|g i &1L gri|} = 0: For K = K # k. m = m,
E{|g i &1 gl } = E{lgl&mir|?}. We have

E{|g &mi 7} = E{| (s &Lk T Fonil Bty k) X
1/2_-1/2

(H'mk Rk 8Lmk T Hmk gw mk)| }

= Kmk’imkmmk/Kmk’E{igL,mkgL,mk'|2} + R’I_VL}CR};L}C/ x

E{lgg,mkgw,mk’ |2} + “mkk:nlc’%;mlc’Eﬂggmkgw,mk’ l2}+

R ok oy B | &0 k8L |2}

1/2_—1/2
mk Kk

The following expectations are derived: E{| gg mi&Lmk |2} =
ButeBomty [Ntz ein=Dmsin(5,) . =itn=Dsin(r02 (@
ﬁmkﬂmk)’[¢mkk’ej((N” 1)#/2)(Sln(w%k*Sin(wiilk/))]Z =
ﬂmkﬁmkqsinkk/, where (d) has [24, €q. (118)].
AISO, E{|g5)mkgw,mk’l2} = ﬂmk/l’mk’ =

used

Bmk’ymk’ﬂmthzs E{igﬁmkgw,mk’ |2} = ﬁmk’ymk’ﬁmtha:
and E{lggmkgnmk/F} = Bk’ Bmk Niz. Therefore,

E{iggkgmk’ l2} - Ntmﬂmkﬂmk’ (mG/ + Emk + EmkVmk'+

Prok
Kok Ko — ) (44)
mkmk Niw )
Next, if ¥ = k' = kK and m # m/,

E{lg 1 &mi8ligmel} = E{lgmkgmk|}E{|gm’kgmk|}
We  derive ]E{|grgkgmk|} E{i(gmk =+ gmk)gmk|} =
E{||&mx|*}, where we have used the fact that the
estimated and error vectors are uncorrelated Therefore,

N 1/2_—1/2

Bllgngl") = Bl “Beoms + Fot el =

KmkRmkE{gL,mkgL7mk} + Rk E{ng,mkll }7
where we exploit the zero-mean  property of
estimated ~ white  channel.  E{ gﬁ k8L, mk =
/Bmk Zi:[;ml ej(n—l)ﬂsin( i) _e—j(n—l)rrsin(wjjlk) = /Bmtha:
and lE{ng,mkH } = BmkVmkNiz.  We  have
E{|lgnkl?} = mkﬂmthx(Fémk + VUmg). Similarly,

E{|gm/kgm’kl} =K /kﬁm’tha:(ﬁm’k + Vm’k) Thus,

Eﬂggkgmkg{{n'kgm’k” = waﬁ;iﬁmkﬁ;ikﬂm’k(ﬁkar
Umk)(Km/k 4 Vm'k)- (45)

Finally, for ¥’ = k” = k and m = m/, lE{|gmkgmk| =
E{|g . &mkl }+E{||gmk|| }. We derive E{lg/1x&mrl*} =
ﬂmkE{“gmkH } == Ntmﬂmkﬁmkﬂmk(ﬂmk + mG) and

1/2_-1/2
Kk Bmik

—1/2

E{”gmk||4} = E{l( gL mk + Rmk ggmk)(nmkx

mkgL mk + "{mkg’w mk)| } - "{mkﬁ E{igL mkgL mki }+
Kok Ryt BT B, mie |} + KmiF RE{|&L 8L, mi|*}+
7mkiE{ng,mk|| } + Hmkmmk]E{|gL,mkgL,mkgw,mkgw,mk|}

+ Fmi R B lég,mkgw,mkgf,mkgnmkl} (46)

Note that in (¢), we remove the terms with zero mean.
From (46), we can derive the following expectations:
E{iggmkglz,mkP} = 72nk tx) E{igL mk:gw mkl } =
B?nkath;c, and E{lgL’mkgL,mkgw,mkgw,mk|} =
E{|g£mkgL7mk|}E{ig{i{,mkgw7mkl} = NtQ:rBranmG?‘
Similarly, E{|&!) .1 &w,mk87 mk&L.mk|} = Nip Byt
Using [43, Lemma 2.9], E{||&w mk||*} =
Bfnkymthw(NtI + 1).  Thus, E{|gm]*} =
k:ﬁ ( + mGN =+ Vglthl' + 2Hmk:l/’mk]Vt;c +
QHmkath ) Therefore E{lggkgmk\Z} gives the solution

]E{|g£ikgmk|2} = NtzBmk’_{r_nlcﬂTHk(Hmk + Vmk) + ’_{;ﬁfﬁ?nkx
(k2 N2 4 V2 N2 4 V2 Nip 4 26mk Vg Nea -+
Qf%nkath )= %k’gmkiNtx(mG + Emk + VmkFmk)+
Niw (ke + Vi + 2V )], (47)

- Bmk~
Finally, we consider E{|qgxiqxi/|} from above. If I # [,
E{|qriqrr|} = 0 and for I’ = I, E{|qu|*} = vZ,. Using (44),

5 -1
where we have used Byr = Bmkf,



(5
7

+

M M
+ Kmk) + NtQa: Z Z vV nmknm’k'%;}cﬁmkk;}kﬁm’k (Hmk X

2
RmkRmk! ¢mkk’

), and (47), the QN at the k-th DL user is written as

Lg M

= |:Ntw Z Z nmk’ﬁmkﬁmk’ <K3mkymk:’ + Umk' + Kmik/

k' £k m=1

M
) + Ntm Z nmkﬁfnk"%;i (mGﬁmk + Umk

m=1

Ntm

m=1m’'=1
L

2
Km/'k + VmkVm/k + EmkVm/k + Km/kymk) + § pu,l'Ykl}

X (Ek — Ei)

=1
(48)

This completes the proof.
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